The loss of muscle strength with age has been studied from the perspective of a decline in muscle mass and neuromuscular junction (NMJ) stability. A third potential factor is force transmission. The purpose of this study was to determine the changes in the force transfer apparatus within aging muscle and the impact on membrane integrity and NMJ stability. We measured an age-related loss of dystrophin protein that was greatest in the flexor muscles. The loss of dystrophin protein occurred despite a twofold increase in dystrophin mRNA. Importantly, this disparity could be explained by the four-to fivefold upregulation of the dystromir miR-31. To compensate for the loss of dystrophin protein, aged muscle contained increased α-sarcoglycan, syntrophin, sarcospan, laminin, β1-integrin, desmuslin, and the Z-line proteins α-actinin and desmin. In spite of the adaptive increase in other force transfer proteins, over the 48 hours following lengthening contractions, the old muscles showed more signs of impaired membrane integrity (fourfold increase in immunoglobulin G-positive fibers and 70% greater dysferlin mRNA) and NMJ instability (14-to 96-fold increases in Runx1, AchRδ, and myogenin mRNA). Overall, these data suggest that age-dependent alterations in dystrophin leave the muscle membrane and NMJ more susceptible to contraction-induced damage even before changes in muscle mass are obvious.
On average, individuals lose 45% of their muscle mass between their mid 20s and 80s (1) . This loss of muscle mass in the absence of disease is known as sarcopenia (2) . The decline in muscle mass is accompanied by a rapid loss in muscle strength (2) . Furthermore and of greater significance, the loss of strength has been identified as a predictor of all-cause mortality in healthy men (3) . Neural activation also declines with aging. However, Thompson and Brown (4) demonstrated that single muscle fibers produced less specific force at 24 months of age, a time when neither cross-sectional area (CSA) nor innervation was affected. This indicates that components other than muscle mass and neural activity are impaired with aging.
One component of aging muscle that has received relatively little attention is the cytoskeletal network that is necessary for force transfer. Using frog muscle, Street (5) elegantly demonstrated that the cytoskeleton of muscle transmits force both along the length of each muscle fiber (longitudinally) and from the center to the outside of the fiber (laterally). The longitudinal force transfer apparatus includes a myriad of proteins surrounding the Z-line that connect thin filaments of adjacent sarcomeres (6) . These proteins form part of the series elastic component of the fiber and are associated with the rate of force development (6) . By contrast, the lateral force transfer apparatus passes load perpendicular to the line of force, from the center of the muscle fiber to the overlying connective tissue and extracellular matrix (ECM). Since these proteins link adjacent fibers through the ECM, their loss is associated with a propensity for membrane injury and neuromuscular junction (NMJ) instability (5, 7) .
NMJ instability describes the process where established contacts between the presynaptic and postsynaptic membranes become unstable, resulting in either transient or permanent denervation. Transient periods of denervation increase the expression of Runx1 (also called AML1 (8) ), a transcription factor whose expression is inhibited by electrical activity and functions to promote reinnervation and prevent muscle wasting (9) ). A decrease in electrical activity also removes the transcriptional inhibition on the myogenic factor myogenin (10, 11) . One of the transcriptional targets of myogenin is the delta subunit of the acetylcholine receptor (AchRδ) (12, 13) . Therefore, the expression of Runx1, myogenin, and the AchRδ subunit genes can be used to assess NMJ instability.
Dystrophin and the dystrophin-associated glycoprotein complex (DGC) proteins are central to lateral force transmission, promoting stable and strong interactions between the cytoskeleton, sarcolemma, and ECM (14) . As such, the loss of dystrophin is associated with an increase in damage to the sarcolemma (15) as well as increased contraction-induced NMJ instability (16) . In fact, Pratt and colleagues (16) showed that neuromuscular failure after contraction-induced muscle injury increased threefold in mdx mice that lack dystrophin, whereas it was not changed in wild type animals, suggesting that NMJ stability is directly influenced by dystrophin levels. Ramaswamy and colleagues (7) beautifully demonstrated that in senescent muscle dystrophin and other lateral force transmission proteins are lost. The low dystrophin in these very old rats resulted in decreased lateral force transmission, increased sarcomere instability, and contraction-induced muscle injury (7) . Essentially, these very old rats showed signs of muscular dystrophy. Over time, the repeated contraction-induced injury and repair in dystrophic muscle results in a progressive loss of muscle mass and strength that ultimately leads to fibrosis and impacts locomotion and respiration (17) . Whether a loss of dystrophin could contribute to sarcopenia remains to be determined.
When one protein within the DGC is lost, other force transmission proteins increase in an attempt to compensate. For example, in the mdx mouse model of Duchene's muscular dystrophy, utrophin (18) and β1-integrins (19, 20) are upregulated and can partially compensate for the loss of dystrophin. Crossing the mdx mice with either utrophin or β1-integrin, knockout mice produces a more severe muscular dystrophy, indicating that compensation can decrease the impact of the loss of dystrophin (18, 20) . β1-Integrins are a central component of the focal adhesion complex, a family of cytoskeleton proteins that work alongside the DGC to transmit force laterally. In skeletal muscle, the integrins within the focal adhesion complex function as cell surface adhesion receptors that can protect the sarcolemma from injury (19) . The predominant integrin in adult skeletal muscle is α7β1, with the α7 subunit responsible for binding to laminin within the basal lamina and the β1 subunit involved with linking to actin through various subsarcolemmal proteins such as α-actinin, desmin, and paxillin (for a detailed review see ref. (21)). The β1-integrins are expressed in mammalian muscle within costameres at the sarcolemmal membrane and at the NMJ. The integrin complexes are altered during muscle contraction and hypertrophy and appear to play a role in attenuating contraction-induced muscle injury (19, 22) .
Even though Ramaswamy and colleagues demonstrated that extremely old animal show a loss of dystrophin and other lateral force transfer proteins, how and when this drop of dystrophin occurs remains unknown. Recently, Cacchiarelli and colleagues (23) discovered a microRNA (miRNA) in dystrophic muscles that could specifically target dystrophin mRNA and prevent its translation through miRNA silencing. These authors elegantly showed that miR-31 could bind to the 3′-untranslated region of dystrophin and prevent its translation (23) . Since the initial discovery, at least two other miRNAs, the so-called dystromirs (miR-146b and miR-374), have been discovered (24) . However, whether these miRNAs are affected by aging and what effect they would have on the muscle remains to be determined.
In the current work, we hypothesized that: (1) the expression of cytoskeleton proteins involved in force transmission would be reduced in presarcopenic muscle (ie, before muscle wasting), (2) the loss of dystrophin with aging would be the result of an increase in dystromir levels, and (3) a reduction in dystrophin would cause impaired lateral force transmission making aged muscles more prone to membrane damage and NMJ instability.
Materials and Methods

Animals/Ethical Approval
Adult (9 months) and old (29 months) male Fischer 344 Brown Norway rats were obtained from the National Institute of Aging. The Fischer Brown Norway rat is a well-established rodent model for the study of aging due to their increased life span and lower incidence of disease pathologies (25) . These ages were selected since Fischer Brown Norway animals become muscularly mature at 9 months and begin to show signs of sarcopenia at 30 months (26) . Therefore, the animals in this study were at their muscular peak (9 months) and presarcopenic. Once in the facility, rats were allowed to acclimatize in their cages for at least 1 week prior to testing. All animal procedures were approved by the Institutional Animal Care and Use Committee at the University of California, Davis.
Lengthening Contraction Protocol
To determine the propensity for muscle injury, a subset of rats underwent a bout of acute unilateral resistance exercise using a protocol described previously (27) . Briefly, rats were chemically restrained (2.5% isoflurane) and the right sciatic nerve was stimulated (100 Hz, 3-6 volts, 1 ms pulse, 9 ms delay) for 10 sets of 6 repetitions (repetition length = 2 s). In this model, muscle fibers in the extensor digitorum longus (EDL) and tibialis anterior (TA) perform high-force lengthening contractions. Following exercise, animals were given an analgesic (buprenorphine, 0.1 mg/kg) and returned to their cages for 6, 18, or 48 hours.
Muscle Collection
Rats were anesthetized with 2.5% inhaled isoflurane, and the following muscles were excised from both hind limbs: EDL, medial gastrocnemius (MG), plantaris (PLN), TA, vastus lateralis (VL), and semimembranosus (SM). For the lengthening contraction protocol, EDL and TA muscles were collected. All muscles were frozen in liquid nitrogen for biochemical analyses, except the right PLN and TA and both EDL muscles from the 48-hour post exercise group, which were pinned on cork at a length approximating L o and frozen in liquid nitrogen-cooled isopentane for histological analyses. Soleus muscles were harvested as well for the determination of wet weight.
Immunohistochemistry
Serial cross sections (10 μm) were cut from the TA, EDL, and PLN muscles using a Leica CM 3050S cryostat (Leica Microsystems). EDL muscle sections were fixed in cold acetone for 5 minutes at −20°C, followed by 3-and 5-minute phosphate-buffered saline washes. Sections were then incubated with Alexa Fluor® 488 conjugated goat anti-rat immunoglobulin G (IgG; [H+L]; 1:100, Life Technologies) for 1 hour at room temperature (RT). After 3-and 5-minute phosphate-buffered saline washes, slides were coverslipped using ProLong Gold Antifade reagent with DAPI (Life Technologies). Slides were imaged on a Zeiss Axio Imager.M1 fluorescent microscope using the EC Plan-Neofluar 10× objective. For comparative analysis, exposure length remained fixed for all samples. Images were analyzed using FIJI software. Five to six animals were analyzed per age, for both control (nonstimulated contralateral leg) and stimulated EDL muscles. Blind analysis was performed for the number of IgG-positive fibers (those showing IgG staining in the cytoplasm) as an indicator of muscle fiber damage (28) .
Fiber Type-Specific CSA To determine fiber type-specific CSA, TA and PLN muscle sections were fixed in cold acetone for 5 minutes at −20°C. Between each step, sections underwent 3-and 5-minute phosphate-buffered saline washes with 0.1% Tween-20. Sections were blocked in 5% normal goat serum in phosphate-buffered saline washes with 0.1% Tween-20 (blocking buffer) for 30 minutes at RT, then incubated in primary antibody overnight at 4°C. BA-F8 (slow type Mm, IgG2B), SC-71 (myosin heavy chain 2A, Mm, IgG1), and BF-F3 (myosin heavy chain 2B, Mm, immunoglobulin M) were diluted 1:250 in blocking buffer. A polyclonal laminin antibody (1:500, Rb) was included for the determination of CSA. After incubation in primary antibody, sections were incubated in secondary antibody 30 minutes at RT and then coverslipped using ProLong Gold Antifade reagent (Life Technologies). For simultaneous detection of multiple mouse primary antibodies, fluorescently conjugated goat-anti-mouse immunoglobulin-specific secondary antibodies were used (Alexa Fluor® 350, 488, and 555, Life Technologies). Goat-anti-rabbit AlexaFluor® 647 secondary was used to detect laminin. Anti-myosin heavy chain antibodies were purchased from the Developmental Studies Hybridoma Bank (Iowa City, Iowa) and anti-laminin antibody was purchased from Sigma Aldrich (St Louis, MO). Slides were imaged using a Zeiss Axio Imager.M1 fluorescent microscope using the EC Plan-Neofluar 10× objective (Jena, Germany) and analyzed using Axiovision software. Fibers from five to six images of a single section were analyzed per muscle, per animal.
Western Blotting
Frozen TA, MG, SM, and VL muscles were homogenized in sucrose lysis buffer (50 mM Tris pH 7.5, 250 mM sucrose, 1 mM ethylenediaminetetraacetic acid, 1 mM ethylene glycol-bis(beta-aminoethyl ether)-N,N,N′,N′-tetraacetic acid, 1% Triton X 100, and protease inhibitors). The supernatant was collected following centrifugation at 10,000g for 5 minutes and protein concentrations were determined in triplicate using the DC protein assay (Bio-Rad). Twenty micrograms of protein was subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis on 4-20% Criterion Tris, glycine eXtended gels (Bio-Rad) and transferred to nitrocellulose membrane for 2 hours. Membranes were blocked in 1% fish skin gelatin in Tris-buffered saline with 0.1% Tween-20 for 1 hour and then probed with primary antibody overnight at 4°C. The next day, membranes were washed and incubated with horseradish peroxidase-conjugated secondary antibodies at 1:10,000 for one hour at RT. Immobilon Western Chemiluminescent horseradish peroxidase substrate (Millipore) was then applied to the membranes for protein band visualization by chemiluminescence. Image acquisition and band quantification was performed using the ChemiDoc™ MP System and Image Lab 5.0 software (Bio-Rad). Total protein staining of the membrane (via Ponceau) was used as the normalization control (whole lane) for all blots. The following antibodies were used in this study at a concentration of 1:1000: dystrophin (Santa Cruz, Cat no. 365954), β-dystroglycan (Hybridoma Bank, Cat no. MANDAG2), α-sarcoglycan (Hybridoma BankSanta Cruz, Cat no. IVD3 A9), laminin-2α (Santa Cruz, Cat no. 20142), β1-integrin (Santa Cruz, Cat no. 6622), desmin (Hybridoma Bank, Cat no. D76), desmuslin (Santa Cruz, Cat no. 49651), α-actinin (Cell Signaling, Cat no. 6487), muscle ankryin repeat protein (Santa Cruz, Cat no. 138111), cardiac ankryin repeat protein (Santa Cruz, Cat no. 30181), and muscle LIN-11, ISL-1 and MEC-3 domain (LIM) protein (Santa Cruz, Cat no.166930). Both syntrophin and sarcospan cross-reacted with the antibody for dystrophin (Cat no. 365954) and were determined by molecular weight.
Titin Isoform and Nebulin Determination
The detection of titin isoforms and nebulin in adult and old MG and TA muscles was performed based on previously described procedures (29) . Briefly, frozen tissue samples were homogenized in sample buffer (8 M urea, 2 M thiourea, 3% sodium docyl sulfate, 75 mM dithiothreitol, 0.03% bromophenol blue, and 0.05 M Tris-hydrogen chloride [pH 6.8]). Samples were heated at 60°C for 10 minutes, then vortexed, and subsequently centrifuged for 5 minutes at 13,200g. The supernatant was removed from the tubes and protein concentration was determined by 660 nm protein assay (Thermo Scientific). Approximately 80 μg of protein was loaded into the gel. Rat cardiac muscle was prepared in the same way as skeletal muscle and loaded as a molecular weight ladder for titin bands (29) . A 15-cm vertical gel system was used, with the gel being comprised of a 12% sodium dodecyl sulfate-polyacrylamide plug, 25 mL of a 1% agarose and 5 mL of a 2% agarose stacking gel. The lower chamber buffer contained 4 L of 50 mM Tris-base, 0.384 M glycine, and 0.1% sodium dodecyl sulfate and the upper buffer contained 600 mL of the same buffer plus 10 mM 2-mercaptoethanol. The gel was run at 4°C using a 15-mA constant current for 5 hours, with optimum titin detection occurring when the dye front moved to the bottom of the acrylamide plug.
Prior to silver staining, the glass plates were removed, and the acrylamide plug and wells were cut off and discarded. Silver staining was performed per manufacturer's instructions (Silver stain plus, BioRad). The gels were fixed with 50% methanol, 10% acetic acid, 10% fixative enhancer, and 30% distilled water for 20 minutes. Following fixation, gels were rinsed in distilled water for 20 minutes and silver staining was performed until desired staining intensity (~15 minutes) was reached. A 5% acetic acid solution was added for 15 minutes to stop the reaction and subsequently the gels were rinsed with distilled water prior to image capture and analysis through the ChemiDoc™ MP System and Image Lab 5.0 software (Bio-Rad).
RNA Analysis
Prior to RNA isolation, aliquots of frozen muscle powder were weighed in order to calculate RNA per milligram of wet muscle tissue. Total RNA was extracted with Tri Reagent® Solution (Ambion Inc. Cat no. AM9738) according to manufacturer's instructions. Following isolation, RNA concentrations were determined spectrophotometrically (Epoch Microplate Spectrophotometer, BioTek Instruments Inc.). For micro RNA analysis, one microgram of RNA from the MG and TA muscles was DNase treated (Invitrogen® Cat no. 18068-015) and then reverse transcribed using the Taqman® MiroRNA Reverse Transcription Kit (Applied Biosystems® Cat no. 4366596). Following reverse transcription, cDNA was preamplified using TaqMan® PreAmp Mastermix (Applied Biosystems® Cat no. 4488593). Reverse transcription, preamplification, and real-time quatitative polymerase chain reaction (RT-qPCR) were performed according to the manufacturer's instructions (Applied Biosystems® publication part no. 4465407). qPCR was performed using TaqMan®-Universal MasterMix II, no UNG (Applied Biosystems® Cat no. 4440040) with 10 μL reaction volumes on a Bio-Rad CFX384 Touch™ RT PCR detection system. Gene expression was calculated using the delta, delta threshold cycle method using a TaqMan® miRNA Control Assay, small nucleolar RNA U87 (Assay ID #001712) as a housekeeping gene. Target and tested housekeeping genes for rat miRNA's included TaqMan® miRNA's: miR-31 (Assay ID #000185), miR-146b (Assay ID #002755), miR-374 (Assay ID #001319), U87 (Assay ID #001712). All miRNA data are expressed relative to adult control baseline time point, group average ± standard error mean.
For mRNA quantification, 1 µg of RNA was converted to cDNA using the High-Capacity cDNA Reverse Transcription Kit (Life Technologies, Cat no. 4368814) with thermal cycling according to the manufacturer's instructions. cDNA was stored at −80°C and diluted 1:10 in nuclease-free water prior to qPCR analysis (SYBR Green Supermix from Bio-Rad Laboratories, Cat no. 172-5121; 7900HT Fast Real-Time PCR System, Thermo Scientific). Primer sequences are available on request. Gene expression was calculated using the delta threshold cycle method and then normalized to the amount of RNA per milligram of tissue used (30) . Normalization was done this way since there was not a reference gene that remained constant throughout the exercise recovery time course, as determined using the reference gene panel R384 (BioRad, Benecia, CA).
Statistical Analysis
Results are presented as mean ± standard error of the mean. The percentage of injured fibers was analyzed by Student's t test. The remaining data were analyzed using two-way analysis of variance using GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA). Tukey's post hoc analysis was used to determine the differences when interactions existed. Statistical significance was set at p < .05.
Results
29-Month-Old FBN Rats Are Presarcopenic
Muscles of the old animals tended to weigh less than those of the adult controls; however, there were no significant decreases in muscle mass (TA adult = 0.779 ± 0.043, Old = 0.741 ± 0.059; MG adult = 0.741 ± 0.059, Old = 0.872 ± 0.064; Supplementary Table  S1 ). Similarly, fiber-type specific CSA was significantly lower in only the type IIb muscle fibers of the PLN muscle (Supplementary Table  S2 ). Together, these data support the idea that the 29-month-old FBN rats were presarcopenic; that is, changes identified in muscles at this point could predispose the muscle to subsequent sarcopenia.
Effect of Aging on Dystrophin
Since impaired lateral force transmission, accompanied by decreases in dystrophin, has previously been observed in very old rats (7), we determined the influence of aging on dystrophin protein. Even in adult muscle, the amount of dystrophin protein varied between muscles. There was significantly more dystrophin in the MG than the TA muscle ( Figure 1A) . Aged muscle demonstrated a further significant reduction in dystrophin protein in the TA muscle. The differences in dystrophin protein across muscles or ages could not be explained by differences in mRNA. In the adult MG and TA, there were equivalent amounts of dystrophin mRNA and in both muscles this increased with age ( Figure 1B) , even though protein was decreasing in the TA muscle with age. A possible explanation for the disconnect between dystrophin protein and mRNA was the expression of the dystromir miR-31. miR-31 was slightly higher in the adult TA muscle and increased four-to fivefold in both the aged muscles ( Figure 1C ). The other known dystromirs, miR-146b and miR-374, were not different across muscles or ages (Supplemental Figure 1) .
Other Lateral Force Transfer Proteins
The loss of dystrophin protein in aged TA muscle was accompanied by a significant increase in the dystrophin-associated glycoprotein complex-associated proteins laminin-2α, β-dystroglycan, sarcospan, α-sarcoglycan, and syntrophin ( Figure 2 ). These changes paralleled increases in the integrin complex subunit, β1-integrin (Figure 2) . Most of these proteins showed a pattern that was the inverse of dystrophin, being higher in the old TA muscle and not changing in the MG. However, sarcospan, α-sarcoglycan, and syntrophin were elevated in the old MG muscle as well.
Since differences were observed between the flexor (TA) and the extensor (MG) muscles of the distal hind limb, we extended the study to include the flexor (SM) and extensor (VL) muscles of the thigh. The flexor/extensor difference was also evident in the thigh, where dystrophin levels were significantly lower in the aged SM muscle (Supplemental Figure 2A) , with no significant differences observed between adult and aged VL muscle or adult VL versus adult SM muscle (Supplemental Figure 2A) . β1-Intergrin and laminin-2α levels showed the same inverse pattern in the VL and SM muscles with age, tending to start lower in the flexor and increasing in this muscle with age (Supplemental Figure 2B and C) . β-Dystroglycan tended to decrease in Figure 1 . Dystrophin is posttranscriptionally controlled with age. Quantification of (A) dystrophin protein, (B) dystrophin mRNA, and (C) miR-31 levels in adult and old MG and TA muscles. Total protein for western blot analysis was determined by ponceau stain and was used to normalize protein expression. *p < .05 old vs. adult muscle. †p < .05 between adult muscles. Data presented as mean ± SEM. N=5/6 per group. MG = medial gastrocnemius; TA = tibialis anterior; SEM = standard error of mean.
both the aged VL and SM muscles (Supplemental Figure 2D) , whereas α-sarcoglycan (Supplemental Figure 2E ) and syntrophin (Supplemental Figure 2F ) were significantly increased in the old, regardless of muscle.
Z-line Proteins
Other proteins that are involved in longitudinal force transfer are those cytoskeleton proteins that provide structural links between the thin filaments of adjacent sarcomeres (31) (32) (33) . Of these proteins, we investigated the effect of aging on desmin, desmuslin (also known as synemin), and α-actinin. α-Actinin levels in aged MG muscle were double the levels of adult ( Figure 3A) . The protein pattern for desmin and desmuslin was similar to laminin-2α, β-dystroglycan, and β1-integrin ( Figure 3B and C) , somewhat lower in the adult TA and elevated, especially in the TA, with age. Analysis of the VL and SM muscles revealed that α-actinin increased (although not significantly) in the aged muscle compared with adult animals (Supplemental Figure 3A) . In both VL and SM muscles, the same flexor/extensor pattern was observed for desmin (Supplemental Figure 3B ).
Desmuslin displayed a decrease in the aged VL muscle, which was similar to the MG muscle (Supplemental Figure 3C) , whereas the SM levels were the same between adult and old muscles, in contrast to the significant increase observed in the aged TA muscle.
Alterations in Longitudinal Force Transfer with Aging
Since there was a significant change in lateral force transfer proteins, we also measured the levels of proteins involved in longitudinal force transmission. Titin content was increased in the TA of old rats compared with their adult counterparts (Supplemental Figure 4A) . Furthermore, aged muscle contained more of the longer isoform (N2A L ) compared with adult counterparts where the shorter isoform predominated (N2A S ; Supplemental Figure 4B ). In terms of nebulin content, no significant differences were observed between ages or muscles (Supplemental Figure 4C) . Muscle LIM protein and muscle ankryin repeat protein levels were not changed with aging in either the MG or TA muscle (Supplemental Figure 4D and E) . However, cardiac ankryin repeat protein levels were decreased in aged MG muscle compared with adult counterparts (Supplemental Figure 4F ).
Susceptibility for Membrane Injury and NMJ Instability
The decrease of dystrophin levels in the aged TA muscle suggested that old muscles might be more susceptible to contraction-induced membrane (15) and NMJ injury (16) . To test this hypothesis, the ankle flexor muscles underwent 60 lengthening contractions as part of a 20-minute exercise bout. In the exercised TA muscles, we determined the expression of the membrane repair enzyme dysferlin (34) and markers of denervation including Runx1 (8), the AchRδ, and the myogenic factor myogenin (11) . In addition, we also established the percent of fibers that showed membrane injury (staining positive for IgG within the muscle fiber) in the stimulated and contralateral control EDL muscles 48 hours after stimulation (Figure 4) . Consistent with the hypothesis that lower dystrophin levels make the older muscle fibers more prone to membrane injury, aged TA muscles showed 70% greater increase in dysferlin 6 hours after eccentric loading and aged EDL muscles demonstrated a fourfold increase in IgG-positive fibers, whereas there was no change in IgG-positive fibers in adult muscles (Figure 4 ). The markers of NMJ instability were similarly affected following eccentric loading. Runx1, AchRδ, and myogenin all progressively increased in the old TA muscle following lengthening contractions showing a 15.2-, 53.2-, and 96.3-fold increase, respectively at 48 hours (Figure 4) . 
Discussion
During the aging process, skeletal muscle undergoes a rapid decline in strength that precedes the reduction in mass and neural activation (4). Here we provide evidence of a posttranscriptional decrease in the cytoskeletal protein dystrophin that begins before the onset of sarcopenia in a muscle-specific manner. This decrease in dystrophin protein is accompanied by a four-to fivefold increase in the dystromir miR-31 that is known to prevent the translation of dystrophin mRNA into protein (23) . Unlike in senescent muscle, where other force transfer proteins are also lost (7, 35) , presarcopenic muscle appears to show a compensatory increase in many lateral force transmission, transitional, and z-line proteins. In spite of this increase in other force transmission proteins, old muscle, like the muscle of dystrophic animals, is more susceptible to contraction-induced injury of the sarcolemma and NMJ. These data suggest that old muscle is similar in many ways to dystrophic muscle.
Ramaswamy and colleagues (7) highlighted that the loss of dystrophin with age resulted in impaired lateral force transmission. Interestingly, in their 34-to 35-month old rats they also observed a decrease in other force transfer proteins such as β-dystroglycan. Similarly, in cachexic human muscle, Taub and colleagues (35) found a drop in all of the lateral force transmission proteins. By contrast, in presarcopenic rats (29 vs. 34-to 35-month old), we demonstrate a muscle-specific reduction in dystrophin occurred concomitant with increases in other components of the dystrophin-associated glycoprotein (such as β-dystroglycan, α-sarcoglycan, and sarcospan) and the focal adhesion (β1-integrin and laminin-2α) complexes. We hypothesize that these proteins initially increase in an attempt to compensate for the loss of dystrophin. However, as muscle loss continues, other lateral transmission proteins are lost as well. The increase in β1-integrin is seen in both dystrophic muscle (36) , and in very old rats (7), suggesting that this adaptation is maintained as wasting progresses. Further, the compensatory increase in β1-integrin when dystrophin is low is functionally important, as it is known to slow the progression of muscular dystrophy (20) . Together, these data suggest that a muscle-specific loss of dystrophin is partially compensated for through increases in β1-integrin, laminin-2α, β-dystroglycan, sarcospan, α-sarcoglycan, syntrophin, desmuslin, desmin, and α-actinin. Interestingly, this line of proteins leads all the way from the ECM to the thick and thin filaments and suggests that the upregulation of these proteins occurs to strengthen the mechanical link between the ECM, sarcolemma, and contractile proteins (7, 37, 38) . Therefore, our data suggest that the age-associated loss of dystrophin results in a compensatory increase in other members of the dystrophinassociated and focal adhesion complexes in an effort to maintain lateral force transmission and prevent injury (19, 39) . However, a more extensive time course that tracks these proteins over time is needed to completely understand this process.
Even though there is an attempt to compensate for the decrease in dystrophin with age, as with muscular dystrophy, we demonstrate impaired membrane integrity and NMJ instability. Insufficient dystrophin protein is well-known to leave the sarcolemma prone to injury (15, 40) . Following sarcolemmal wounding, dysferlin interacts with the lipid-and calcium-binding annexins and the E3 ligase MG53 to seal the membrane and prevent further secondary injury (41) . Both dysferlin and MG53 are upregulated in muscular dystrophy (42) . Here, we show that dysferlin mRNA goes up following eccentric loading in both adult and old animals, with old animals showing a 70% greater increase in the stimulated leg at the 6-hour time point. Consistent with an increase in membrane wounding in the older animals, we noted a significant increase in fibers that stained IgG positive in the old animals 48 hours after eccentric loading. Increased mononuclear cell infiltration is an indicator of either increased membrane injury or impaired membrane repair (43) . Even though we hypothesize that dysferlin and IgG-positive fibers are indicators of increased sarcolemmal injury, we provide no data to definitively support that hypothesis.
Another hallmark of both aged and dystrophic muscle is denervation (44) , and here our data are more definitive. Contraction-induced injury to the quadriceps of mdx mouse caused significant changes in NMJ morphology, and neuromuscular transmission, whereas the same lengthening contraction protocol had no effect on the NMJs in wild type animals (16) . Interestingly, in healthy young muscle, eccentric loading results in an increase in size of AchR clusters (45) . Since large clusters of AchRs require the presence of dystrophin (46), it is not surprising that this would not occur in old muscles after eccentric loading. Instead, old muscle shows NMJ instability in the form of greater expression of indicators of denervation (15.2-and 96.3-fold 48 hours after lengthening contractions) in the TA muscle of old animals but not adult animals. These data suggest that the age-associated loss of dystrophin in the TA muscle makes the muscle prone to NMJ instability. Interestingly, Pannérec and her colleagues recently demonstrated that sarcopenia did not progress uniformly (47) . In their case, they found that some muscles were prone to sarcopenia, whereas others were resistant. The difference that they identified on the protected muscles was an intact neuromuscular system. Interestingly, one of the genes they identified as being up in muscle that would rapidly develop sarcopenia was dystrophin (47) . We also observe an increase in dystrophin mRNA in aged muscles where dystrophin protein is being lost. This raises the possibility that the lack of dystrophin drives increased contraction-induced neuromuscular instability leading to impaired innervation and sarcopenia.
The possibility that increased susceptibility to contraction-induced muscle injury could underlie muscle loss with age was first proposed by Holloszy and colleagues (48) . In muscle wasting conditions, such as cancer cachexia (49) , and myopathies associated with diabetes and heart failure (50), a similar loss of dystrophin is evident. This suggests that the loss of dystrophin and the subsequent increased susceptibility to membrane injury and neuromuscular instability might be central to all muscle wasting conditions. According to this paradigm, chronic muscle injury would lead to repeated cycles of injury and repair that eventually leads to the substitution of myofibrillar protein with nonfunctional fibrotic tissues, as observed in severe muscular dystrophies (51) . In fact, a similar increase in nonfunctional fibrotic tissues has been observed in aged muscle (52) .
One of the more novel findings in this paper is that the level of dystrophin protein in muscle is regulated in a posttranscriptional manner. Cacchiarelli and colleagues (23) were the first to show that there were specific miRNAs that could target and decrease dystrophin translation through miRNA silencing. Since then, this finding has been confirmed and extended by Fiorillo and colleagues (24) who showed that there were other miRNAs that could similarly affect dystrophin translation. These miRNAs have now been termed dystromirs for their ability to modify dystrophin protein levels. Here, for the first time, we show that miR-31, but not the other dystromirs miR-146b and 374, is differentially regulated in adult muscle and transcriptionally upregulated with age. This finding is significant because it could provide a novel target for the prevention of sarcopenia.
In both of the aged flexor muscles that were studied (tibialis anterior and semimembranosus), we observed less dystrophin compared with their adult counterparts. The fact that age-related differences tended to be smaller or nonexistent in the more frequently loaded extensor muscles suggests that the load placed upon the muscle may play a role in the maintenance of dystrophin levels. Rice and colleagues (53) also examined dystrophin levels with age in the extensor (soleus) and flexor (EDL) muscles. These authors reported no change in dystrophin in the soleus muscle at 30 months. However, by 36 months of age, dystrophin levels fell in the soleus, possibly reflecting the drop in locomotor activity that occurs with increasing age (54) . Interestingly, they did not observe a decrease in dystrophin in the EDL muscle, which is functionally similar to the TA, at 30 months of age. Further, the authors (53) found an increase in dystrophin in the EDL at 36 months old. The differences between studies could reflect the different antibodies used or the fact that direct comparisons between muscles were not made in the Rice study. Either way, the differences need to be clarified through further work in the area. Even though loading history seems to play a role in dystrophin levels, neither resistance exercise training for 8 (55) or 16 (56) weeks nor endurance training for 12 weeks (57) was sufficient to increase dystrophin levels in young men. However, all of these data were collected in a primary extensor muscle (VL), which may be less sensitive to the increase in loading. Further, Kosek and Bamman (56) showed a trend for an increase in dystrophin following 16 weeks of training in older (60-75 years) men, consistent with the hypothesis that increased loading could prevent the drop in dystrophin that occurs with sedentary aging. Future studies need to address the impact of mechanical loading and unloading on dystrophin, specifically in aged muscle.
Summary
Here we show that the level of the lateral force transmission protein dystrophin decreases with age in a muscle-specific manner. The decrease in dystrophin protein is a posttranscriptional event that may be regulated by the dystromir miR-31. The decrease in dystrophin protein in presarcopenic flexor muscles is associated with a compensatory increase in other lateral force transmission proteins compared with adult counterparts. In spite of the attempted compensation, the age-associated loss of dystrophin is associated with an increase in membrane damage and NMJ instability. Overall, these data suggest that alterations in the force transfer apparatus with aging may contribute to sarcopenia. 
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